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Alzheimer’s disease (AD) is characterized by plaque formation,
neuronal loss, and cognitive decline. The functions of the local and
systemic immune response in this disease are still controversial.
Using AD double-transgenic (APP�PS1) mice, we show that a T
cell-based vaccination with glatiramer acetate, given according to
a specific regimen, resulted in decreased plaque formation and
induction of neurogenesis. It also reduced cognitive decline, as-
sessed by performance in a Morris water maze. The vaccination
apparently exerted its effect by causing a phenotype switch in
brain microglia to dendritic-like (CD11c) cells producing insulin-like
growth factor 1. In vitro findings showed that microglia activated
by aggregated �-amyloid, and characterized as CD11b��CD11c��
MHC class II��TNF-�� cells, impeded neurogenesis from adult
neural stem�progenitor cells, whereas CD11b��CD11c��MHC class
II��TNF-�� microglia, a phenotype induced by IL-4, counteracted
the adverse �-amyloid-induced effect. These results suggest that
dendritic-like microglia, by facilitating the necessary adjustment,
might contribute significantly to the brain’s resistance to AD and
argue against the use of antiinflammatory drugs.

�-amyloid � CD11c � T cell vaccination � immunomodulation �
neurodegeneration

A lzheimer’s disease (AD) is an age-related progressive neuro-
degenerative disorder characterized by memory loss and se-

vere cognitive decline (1). The clinical features are manifested
morphologically by excessive accumulation of extracellular aggre-
gations of amyloid � (A�) peptide in the form of amyloid plaques
in the brain parenchyma, particularly in the hippocampus and
cerebral cortex, leading to neuronal loss (2).

AD progression has been attributed, in part, to the microglia-
mediated local immune response, which apparently does not
operate in the optimal way needed to fight off the adverse
conditions (3, 4). Studies from our laboratory have shown that
recovery from CNS injury is critically dependent on the well
controlled activity of T cells directed to specific CNS autoanti-
gens (5, 6). These autoreactive T cells evidently regulate micro-
glia in a way that renders them supportive of neuronal survival
and neural tissue repair (7–10).

Recently we demonstrated that microglia exposed to aggregated
A� peptide 1–40 [A�(1–40)] or to LPS (8) are toxic to neurons and
impair neural cell renewal. Such activities are manifested by in-
creased production of TNF-�, down-regulation of insulin-like
growth factor 1 (IGF1), and inhibition of the ability to express class
II MHC proteins (MHC-II) (8, 9, 11). Addition of IL-4, a cytokine
derived from T helper 2 cells, to microglia activated by aggregated
A� can reverse the down-regulation of IGF1 expression, the
up-regulation of TNF-� expression, and the failure to act as
antigen-presenting cells (8).

We suspected that the ability of microglia to remove aggregated
A� without exerting toxic effects on neighboring neurons or
impairing neurogenesis depends on their undergoing a phenotype
switch. The cell-derived cytokines such as IL-4 might contribute to

a switch in microglial phenotype. Here we tested this hypothesis by
vaccinating transgenic (Tg) AD (Tg-AD) mice with glatiramer
acetate (GA), also known as copolymer 1 (Cop-1), (12). GA can
weakly cross-react with CNS-resident autoantigens (13) and can
safely simulate the protective and reparative effects of autoreactive
T cells (13–16).

Results
Impaired Neurogenesis by A�-Activated Microglia Is Counteracted by
IL-4. We cocultured GFP-expressing neural stem�progenitor cells
(NPCs) with microglia that had been preincubated for 48 h in their
optimal growth medium (8) in the presence or absence of A�(1–40)
(5 �M) and subsequently treated for an additional 48 h with IFN-�
(10 ng�ml) or IL-4 (10 ng�ml) or IL-4 together with IFN-� (10
ng�ml). The choice of A�(1–40) rather than A�(1–42), and the specific
concentration, were based on our previous demonstration that this
compound, at the selected concentration, induces cytotoxic activity
in microglia (8). Growth media and cytokine residues were then
washed off, and each of the treated microglial preparations was
freshly cocultured with adult NPC spheres (11) on coverslips coated
with Matrigel in the presence of differentiation medium (11) (Fig.
1A). In cocultures of NPCs with IFN-� [MG(IFN-�)]-activated mi-
croglia a dramatic increase in numbers of GFP���III-T� cells was
seen. In contrast, microglia activated by aggregated A�(1–40)
[MG(A�1–40)] blocked neurogenesis and decreased the number
of NPCs. Addition of IFN-� to A�-activated microglia
[MG(A�1–40/IFN-�)] failed to reverse their negative effect on
neurogenesis. In contrast, the addition of IL-4 (10 ng�ml) to
microglia pretreated with aggregated A�(1–40) [MG(A�1–40/IL-4)]
partially counteracted the adverse effect of the aggregated A�
on NPC survival and differentiation, with the result that these
microglia were able to induce NPCs to differentiate into
neurons. However, when IFN-� was added in combination with
IL-4 [MG(A�1–40/IFN-��IL-4)], their effect in counteracting the
negative activity of the A�-activated microglia on NPC survival
and differentiation was stronger than the effect of IL-4 alone
(Fig. 1A). We verified that in all cases the �III-T� cells also
expressed GFP (Fig. 1B). The quantitative analysis summarizes
the data shown in Fig. 1A and shows that differentiation in the
presence of untreated microglia occurred only to a small extent
(Fig. 1C). Notably, no �III-T��GFP� cells were seen in micro-
glia cultured without NPCs (11).

T Cell-Based Vaccination with GA Modulates Immune Activity of Micro-
glia, Eliminates A� Plaque Formation, and Induces Neurogenesis. We
examined whether a T cell-based vaccination with GA (12), pre-
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viously shown to induce a T cell response with a T helper 2 bias (17),
would induce in Tg-AD mice (18) expression of a dendritic-like
phenotype by MG in the brain. The GA was repeatedly injected
without adjuvant and according to a regimen similar to that used to
evoke neuroprotection in a model of chronic elevation of intraoc-
ular pressure (19); a daily injection was ineffective in this model.

Tg-AD mice (�8 months) were vaccinated with GA (n � 6) twice
during the first week and once per week thereafter. Age-matched
untreated Tg-AD mice (n � 7) and non-Tg littermates (n � 6)
served as controls. Seven weeks after the first GA injection the mice
were killed and analyzed. Staining of brain cryosections from
Tg-AD mice with antibodies specific to human A� disclosed
numerous A�-immunoreactive plaques in the untreated Tg-AD
mice but very few in the Tg-AD mice vaccinated with GA (Fig. 2A),
associated with the abundant appearance of CD11b� microglia
(Fig. 2 A and B) expressing TNF-� (Fig. 2C). No plaques were seen
in the non-Tg littermates (Fig. 2A). Fewer CD11b� microglia were
detectable in the GA-vaccinated Tg-AD mice (Fig. 2A). It is
important to note that the CD11b� microglia in the untreated
Tg-AD mice showed relatively few ramified processes (Fig. 2C).
Staining with anti-MHC-II antibodies disclosed that in the GA-
vaccinated Tg-AD mice most of the microglia adjacent to residual
A� plaques expressed MHC-II, and hardly any of them expressed
TNF-� (Fig. 2D), whereas in the untreated Tg-AD mice hardly any
microglia expressed MHC-II (Fig. 2E), suggesting that their ability
to function as antigen-presenting cells is limited. All of the MHC-
II� cells were colabeled with isolectin B4 (IB-4) (data not shown),
verifying their identification as microglia. The dendritic-like mor-

phology (Fig. 2D) of the MHC-II� microglia seen in the GA-
vaccinated Tg-AD mice encouraged us to examine whether they
express the characteristic marker of dendritic cells, namely CD11c.
In untreated Tg-AD mice the CD11c� microglia were found only
rarely, whereas any residual A�-stained plaques seen in the GA-
vaccinated mice were surrounded by MHC-II��CD11c� microglia
(Fig. 2E). These CD11c� microglia were also positively stained for
CD11b (Fig. 6A, which is published as supporting information on
the PNAS web site). Quantitatively, the number of CD11b� cells
associated with A� plaques was significantly decreased in the
GA-vaccinated Tg-AD mice (Fig. 6B). As a result of the vaccination
87% of the CD11b� microglia also expressed CD11c�, compared
with 25% in the untreated Tg-AD mice (Fig. 6C).

Examination of IGF1 expression revealed that the MHC-II�

microglia in these mice were expressing IGF1 (Fig. 2F). Staining for
the presence of T cells, identified by anti-CD3 antibodies, revealed
that, unlike in the untreated Tg-AD mice, GA-vaccinated Tg-AD
mice demonstrated CD3� cells associated with A� plaques (Fig.
2G). Moreover, most of these cells in the GA-vaccinated Tg-AD
mice were found to be located close to MHC-II� microglia. Any A�
immunoreactivity detected in those mice appeared to be associated
with the MHC-II� microglia, suggesting the occurrence of an
immune synapse between these microglia and CD3� T cells (Fig.
2H). Quantitative analysis confirmed the presence of significantly
fewer plaques in the GA-vaccinated Tg-AD mice than in the
untreated Tg-AD mice (Fig. 2I) and showed that the area occupied
by the plaques was significantly smaller in the vaccinated Tg-AD
mice than in their age-matched untreated counterparts (Fig. 2 J). In
addition, significantly fewer CD11b� microglia (Fig. 2K) and
significantly more T cells associated with A� plaque were observed
in the GA-vaccinated Tg-AD mice than in the corresponding
groups of untreated Tg-AD mice (Fig. 2L). The results suggested
that GA vaccination was associated with an increased incidence of
microglia expressing both CD11b and CD11c. This finding could
mean that the T cells triggered local expression of CD11c� by
resident microglia or that the vaccination stimulated the recruit-
ment of CD11c� microglia derived from the bone marrow (20).

The immunization-induced increase in the incidence of microglia
coexpressing CD11b and CD11c might be attributable to an effect
of IL-4. Staining of 5-day microglial cultures with the CD11c marker
showed that CD11c was hardly expressed at all by untreated
microglia but was abundantly expressed by microglia activated by
IL-4 (Fig. 3A). Moreover, IL-4, even if only added 3 days after the
microglia were exposed to A�, was able to induce these cells to
express CD11c (Fig. 3B). Morphologically, microglia activated by
A� exhibited amoeboid morphology, whereas the rounded shape of
the CD11c� microglia was reminiscent of dendritic cells (Fig. 3B).
The amoeboid morphology of the A�-stained microglia was re-
versible upon addition of IL-4, when they again took on the
morphological appearance of dendritic-like cells (Fig. 3B). The
various treatments applied to the microglia did not affect their
expression of CD11b, suggesting that they did not lose their CD11b
characteristics when they took on the expression of CD11c (Fig.
3B). Quantitative analysis revealed that soon after seeding (day 0)
the untreated microglia expressed low levels of CD11c, which
gradually disappeared (Fig. 3C). In contrast, the expression of
CD11c induced by IL-4 was not transient. Quantification of the
ability of IL-4 to induce CD11c expression even after the microglia
were pretreated with A� is shown in Fig. 3D. We also examined the
possibility that GA directly induced either microglia or bone
marrow-derived cells to express CD11c. No effect was found with
GA at concentrations of 10 ng�ml, 100 ng�ml, or 1 �g�ml after 3
or 5 days in culture (data not shown).

Quantitative comparison (by intracellular staining) of immuno-
reactive A� engulfed by IL-4-treated and untreated microglia
revealed no significant differences between the treatments (P �
0.13; Student’s t test) (Fig. 7, which is published as supporting
information on the PNAS web site).

Fig. 1. IL-4 can counteract the adverse effect of aggregated A� on microglial
toxicity and induces neurogenesis in adult mouse neural progenitor cells. (A)
Representative confocal microscopic images of NPCs expressing GFP and �III-T
cocultured for 10 days without microglia (control), or with untreated micro-
glia, or with microglia that were preactivated by aggregated A�(1–40) (5 �M)
[MG(A�1– 40)] for 48 h and subsequently activated with IFN-� (10 ng�ml)
[MG(A�1– 40/IFN�,10 ng/ml)] or with IL-4 (10 ng�ml) [MG(A�1–40/IL-4)] or with both IFN-�
(10 ng�ml) and IL-4 (10 ng�ml) [MG(A�1–40/IFN��IL-4)]. Note that aggregated A�

induced microglia to adopt an amoeboid morphology, but after IL-4 was
added they exhibited a ramified structure. (B) Separate confocal images of
NPCs coexpressing GFP and �III-T adjacent to CD11b� microglia. (C) Quantifi-
cation of cells double-labeled with GFP and �III-T (expressed as a percentage
of GFP� cells) obtained from confocal images. Results are of three indepen-
dent experiments in replicate cultures; bars represent means � SEM. Asterisks
above bars denote the significance of differences relative to untreated (con-
trol) NPCs (*, P � 0.05; ***, P � 0.001; two-tailed Student’s t test). Horizontal
lines with P values above them show differences between the indicated
groups (ANOVA).
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We also examined whether the GA-vaccinated Tg-AD mice
would show increased neurogenesis. Three weeks before tissue
excision all mice had been injected with the proliferating cell marker
BrdU, making it possible to detect new neurons (for more details
see Supporting Materials and Methods, which is published as sup-
porting information on the PNAS web site). Significantly more
BrdU� cells were seen in the GA-vaccinated Tg-AD mice (Fig. 4A)
than in their untreated Tg counterparts. In addition, compared to
the numbers of newly formed mature neurons (BrdU��NeuN�) in

their respective non-Tg littermates the numbers were significantly
lower in the untreated Tg-AD group but were similar in the
GA-vaccinated Tg-AD group, indicating that the capacity for
neurogenesis had been at least partially restored by the GA
vaccination (Fig. 4B). Analysis of corresponding sections for DCX,
a marker for newly generated premature neurons (21), disclosed
that relative to the non-Tg littermates there were significantly fewer
DCX� cells in the dentate gyri of untreated Tg-AD mice and
slightly but significantly more in the dentate gyri of Tg-AD mice

Fig. 2. GA vaccination induces expression of CD11c by microglia and leads to a reduction in accumulation of A� in the brains of Tg-AD mice. (A) Representative
confocal microscopic images of brain hippocampal slices from non-Tg, untreated Tg-AD, and GA-vaccinated Tg-AD mice stained for CD11b (activated microglia),
human A� counterstained with nuclear DAPI. The non-Tg mouse shows no staining for human A�. The untreated Tg-AD mouse shows an abundance of
extracellular A� plaques, whereas in the GA-treated Tg-AD mouse A� immunoreactivity is low. There is a high incidence of microglia double-stained for A� and
CD11b in the CA1 and dentate gyrus regions of the hippocampus of an untreated Tg-AD mouse, but only a minor presence of CD11b� microglia in the
GA-vaccinated Tg-AD mouse. (B) High magnification of CD11b� microglia associated with an A� plaque in an untreated Tg-AD mouse (arrow in A). (C) CD11b�

microglia, associated with an A� plaque, strongly expressing TNF-� in an untreated Tg-AD mouse. (D) Staining for MHC-II in GA-vaccinated Tg-AD mouse in an
area that stained positively for A� shows a high incidence of MHC-II� microglia and almost no TNF-�� microglia. (E) All MHC-II� microglia in a brain area that
stained positively for A� (arrowheads) in a GA-vaccinated Tg-AD mouse coexpress CD11c, but only a few CD11c��MHC-II� microglia are seen in a corresponding
area in the brain of an untreated Tg-AD mouse. (F) MHC-II� microglia in a GA-vaccinated Tg-AD mouse coexpress IGF1. (G and H) CD3� T cells are seen in close
proximity to an A� plaque (G) and are associated with MHC-II� microglia (H). The boxed area in H shows high magnification of an immunological synapse between
a T cell (CD3�) and a microglial cell expressing MHC-II. (I) Histogram showing the total number of A� plaques (in a 30-�m hippocampal slice). (J) Histogram
showing staining for A� immunoreactivity. Note the significant differences between GA-vaccinated Tg-AD and untreated Tg-AD mice, verifying the decreased
presence of A� plaques in the vaccinated mice. (K) Histogram showing a marked reduction in cells stained for CD11b in the GA-vaccinated Tg-AD mice relative
to untreated Tg-AD mice. Note the increase in CD11b� microglia with age in the non-Tg littermates. (L) Histogram showing significantly more CD3� cells
associated with an A� plaque in GA-vaccinated Tg-AD mice than in untreated Tg-AD mice. Quantification of CD3� cells was analyzed from 30–50 plaques of each
mouse tested in this study. Error bars indicate means � SEM. *, P � 0.05; ***, P � 0.001 versus non-Tg littermates (Student’s t test). The P value represents a
comparison by ANOVA. All of the mice in all groups were included in the analysis (six to eight sections per mouse).
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vaccinated with GA (Fig. 4C). Confocal micrographs illustrate the
differences in the numbers of BrdU��NeuN� cells and in the
numbers of DCX� cells and their dendritic processes among
non-Tg littermates, untreated Tg-AD mice, and GA-vaccinated
Tg-AD mice (Fig. 4D). The results showed that neurogenesis was
indeed significantly more abundant in the GA-treated Tg-AD mice
than in the untreated Tg-AD mice. Interestingly, however, in both
untreated and GA-vaccinated Tg-AD mice the processes of the
DCX-stained neurons in the subgranular zone of the dentate gyrus
were short, except in those GA-vaccinated Tg-AD mice in which the
DCX� cells were located adjacent to MHC-II� microglia (Fig. 4E).

GA Counteracts Cognitive Decline in AD. Recent findings point to an
association between adult neurogenesis and certain hippocampal

activities (22), although an association between adult neurogenesis
and performance of the hippocampus-dependent task of spatial
learning�memory in the Morris water maze (MWM) is still a matter
of debate (23). A week after the last vaccination all mice were tested
in the MWM for spatial learning�memory abilities (24). The MWM
performance of the untreated Tg-AD mice was significantly worse,
on average, than that of their age-matched non-Tg littermates (Fig.
5). In the acquisition phase the vaccinated Tg-AD mice took
significantly less time than the untreated Tg-AD mice to find the
hidden platform (Fig. 5A). In the reversal phase of the task, when
the platform was replaced in a position opposite its former location,
the GA-vaccinated Tg-AD mice again took significantly less time
than the controls to find it (Fig. 5B). It thus seemed that the spatial
learning�memory abilities of the vaccinated Tg-AD mice were
better than those of the untreated Tg-AD mice. Importantly, the
performance of GA-vaccinated Tg-AD mice did not differ signif-
icantly from that of the non-Tg-AD mice (Fig. 5).

Discussion
The results of this study show that vaccination of Tg-AD mice with
GA according to a specific regimen resulted in a change in the
microglial phenotype from CD11b� to CD11b��CD11c� and that
this was correlated with a decrease in the number of A�-
immunoreactive plaques, an increase in neurogenesis, and an
improvement in cognitive ability relative to untreated Tg-AD mice.

Adaptive Immunity in CNS Degeneration. Our group formulated the
concept of ‘‘protective autoimmunity’’ (6). Both proinflammatory
and antiinflammatory cytokines are critical components of a T
cell-mediated beneficial autoimmune response, provided that the
timing and the intensity are suitably controlled (8, 25), and de-
pending on the nature of the disease. The beneficial effect of the
autoreactive T cells was found to be exerted via their ability to
induce CNS-resident microglia to adopt a phenotype capable of
presenting antigens (7–9, 25), expressing growth factors (8, 9, 11),
and buffering glutamate (10).

Therapeutic vaccination with GA boosts the protective autoim-
munity (13–15). A single injection of GA is protective in acute
models of CNS insults (13, 15), whereas in chronic models occa-
sional boosting rather than daily is required for a long-lasting
protective effect (14). In a model of chronically elevated intraocular
pressure, for example, weekly administration of adjuvant-free GA
was found to result in neuroprotection (19). The neuroprotective
effect of GA has been attributed in part to production of brain-
derived neurotrophic factor (26). Based on our in vitro findings in
connection with the effect of IL-4 on microglial phenotype, and the
ability of the regimen chosen in the present study to evoke a T cell
response with an IL-4 bias, we suggest that the observed beneficial
effect of GA on the Tg-AD mice in this study was a result of the
evoked T cell effect on their microglial phenotype.

Dendritic-Like Microglia Are Beneficial for Neural Tissue. We show
here that GA reduced plaque formation in Tg-AD mice and
attenuated cognitive decline. Labeling of activated microglia with
anti-CD11b antibodies disclosed that staining was heavy in the
untreated Tg-AD mice and significantly less intense in the age-
matched GA-vaccinated Tg-AD mice.

The detection of some CD11b� microglia in aged wild-type mice
is in line with the reported age-related increase in activated
microglia in the normal human brain (27). It is possible that such
microglia are the ones that contribute both to age-related cognitive
loss and to impaired neurogenesis (28, 29). CD11b were found also
in patients with AD (30). Although these microglia are phagocytic
(3), they are apparently not efficient enough to fight off the AD
symptoms. In contrast, and in line with our present study, microglia
derived from the bone marrow of matched wild-type mice can
effectively remove plaques (4). On the basis of our present results,
we suggest that the microglia that are needed to support brain

Fig. 3. IL-4 induces microglia to express CD11c and counteracts A� effect. (A)
IL-4-activated microglia [MG(IL-4)] express CD11c in a primary culture of mouse
microglia 5 days after activation. Untreated microglia [MG(�)] express hardly
any CD11c. (B) Effect of IL-4 (in terms of morphology and CD11c expression) on
microglia pretreated for 3 days with aggregated A�(1–40) and assessed 10 days
later compared with IL-4 treatment for 10 days without preexposure to A�.
Note that dendritic-like morphology was adopted upon addition of IL-4 to the
A�-pretreated microglia only, whereas CD11c expression was induced by IL-4
both with and without A� pretreatment. (C) Quantitative analysis of micro-
glial expression of CD11c� microglia (expressed as a percentage of IB-4-
labeled microglia) and of CD11c intensity per cell, both expressed as a function
of time in culture with or without IL-4. (D) Quantitative analysis of CD11c
expression (calculated as a percentage of IB-4-labeled microglia) by the cul-
tures shown in B. Results are of three independent experiments in replicate
cultures; bars represent means � SEM. Asterisks above bars denote the sig-
nificance of differences relative to untreated microglia at each time point
(***, P � 0.001; two-tailed Student’s t test).
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maintenance and fight AD are dendritic-like cells coexpressing
CD11b and CD11c. This microglial phenotype can maintain phago-
cytic activity and, in addition, might engage in a dialogue with T
cells that can help to fight off adverse conditions by promoting the
buffering of excessive A� and supporting both neuronal survival (8)
and neural renewal (11). In view of our earlier finding that IL-4, but
not IFN-�, can alter the phenotype of A�-committed microglia (8),
it seems likely that the MHC-II� microglia found adjacent to A�
plaques in the present study were activated by IL-4. This likelihood
is further supported by the in vitro findings of the present study: (i)
that the A�-induced blockage of neurogenesis was partially coun-
teracted by IL-4, either alone or in combination with IFN-� but not
by IFN-� alone; and (ii) that the MHC-II��CD11c� microglia that
were seen in close proximity to the residual A� plaques in the
GA-vaccinated Tg-AD mice also expressed IGF1.

Our results strongly argue against the need for antiinflammatory
treatment for patients with AD. On the contrary, we propose that
in fighting off AD, as in combating any other neurodegenerative
disease, immune activation, rather than immune suppression, is
required. This notion is in line with studies showing that antiin-
flammatory drugs such as cyclooxygenase 2 inhibitor do not benefit
AD (31). Accordingly, the beneficial effect of T helper 2-derived
cytokines is attributable not to an immunosuppressive effect but to
immunomodulation. Treatment with IL-4 indeed activated the
microglia to adopt a phenotype that seems to acquire a different
morphology and a different activity from those of the innately
activated microglia or of the activated microglia commonly seen in
AD or in multiple sclerosis (9). Interestingly, it seems that IL-4 is

capable of restoring a favorable activated phenotype even after the
microglia have already exhibited phenotypic characteristics of ag-
gregated A� (ref. 8 and the present study) or been overwhelmed by
IFN-� (9). Another interesting finding is that LPS similarly to A�
impairs CD11c expression by microglia (unpublished observation),
and both induce similar patterns of mitogen-activated protein
kinase activation in microglia (32). IL-4 can attenuate a mitogen-
activated protein kinase pathway activated by LPS, an effect
evidently associated with serine�threonine phosphatase activity
(33). The latter phenomenon might indeed serve as a molecular
mechanism underlying the present finding that IL-4 attenuates the
detrimental effect of A�-activated microglia.

CNS-Autoreactive T Cells Contribute to CNS Cognitive Ability. The
vaccinated mice in this study demonstrated reduced cognitive loss
and increased neurogenesis relative to untreated Tg-AD mice.
These two aspects of hippocampal plasticity are apparently related
to the presence of IGF1 (9, 11, 34–36). Reported observations in
Tg-AD mice housed in an enriched environment also support a link
between mechanisms associated with neurogenesis (23) and with
plaque reduction (37).

The results of this study strongly suggest that the occurrence of
neurogenesis in the adult hippocampus depends on well controlled
local immune activity associated with microglial production of
growth factors such as IGF1 and brain-derived neurotrophic factor
(23). In line with this notion is the reported finding that neurogen-
esis is impaired in immunodeficient animals as well as in animals
treated with LPS (28, 29), shown to impair microglial production of
IGF1 and induce microglial secretion of TNF-� (8, 11).

Fig. 4. Enhanced neurogenesis induced by GA vaccina-
tion in the hippocampal dentate gyri of adult Tg-AD mice.
Three weeks after the first GA vaccination mice in each
experimental group were injected i.p. with BrdU twice
daily for 2.5 days. Three weeks after the last injection their
brains were excised, and the hippocampi were analyzed
for BrdU, DCX, and NeuN. (A–C) Histograms showing
quantification of the proliferating cells (BrdU�) (A), newly
formed mature neurons (BrdU��NeuN�) (B), and all pre-
mature (DCX�-stained) neurons (C). Numbers of BrdU�,
BrdU��NeuN�, and DCX� cells per dentate gyrus calcu-
lated from six equally spaced coronal sections (30 �m)
from both sides of the brains of all of the mice tested in
this study. Error bars represent means � SEM. Asterisks
above bars denote the significance of differences relative
to non-Tg littermates (**, P � 0.01; ***, P � 0.001; two-
tailed Student’s t test). Horizontal lines with P values
above them show differences between the indicated
groups (ANOVA). (D) Representative confocal micro-
scopic images of the dentate gyrus showing immuno-
staining for BrdU�DCX�NeuN in a GA-vaccinated Tg-AD
mouse and in a non-Tg littermate relative to that in an untreated Tg-AD mouse. (E) Branched DCX� cells are found near MHC-II� microglia located in the
subgranular zone (SGZ) of the hippocampal dentate gyrus of a GA-vaccinated Tg-AD mouse.

Fig. 5. GA vaccination counteracts cognitive
decline in Tg-AD mice. Hippocampus-depen-
dent cognitive activity was tested in the
MWM. GA-vaccinated Tg-AD mice (diamonds;
n � 6) showed significantly better learning�
memory ability than untreated Tg-AD mice
(squares; n � 7) during the acquisition and
reversalphasesbutnottheextinctionphaseof
the task. Untreated Tg-AD mice showed con-
sistent and long-lasting impairments in spatial
memory tasks. In contrast, performance of the
MWM test by the GA-vaccinated Tg-AD mice
was rather similar, on average, to that of their
age-matched naı̈ve non-Tg littermates (trian-
gles; n � 6) [three-way ANOVA, repeated
measures: groups, df (2,16), F � 22.3, P � 0.0002; trials, df (3,48), F � 67.9, P � 0.0001; days, df (3,48), F � 3.1, P � 0.035, for the acquisition phase; and groups, df (2,16),
F � 14.9, P � 0.0003; trials, df (3,48), F � 21.7, P � 0.0001; days, df (1,16), F � 16.9, P � 0.0008, for the reversal phase].
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Implications for AD Therapy. Our present results argue against the
use of A� peptide as a T cell-based therapy for AD. Myelin-related
antigens, or antigens (such as GA) that are weakly cross-reactive
with myelin, are likely to be the antigens of choice for therapeutic
vaccination (15). T cells activated by these antigens upon encoun-
tering their relevant antigen-presenting cells supply the cytokines
and growth factors to confer microglia with dendritic-like charac-
teristics. It is possible that the T cell-induced effect takes place, at
least in part, in the periphery, causing bone marrow-derived mi-
croglia to express CD11c� and to home to and populate the brain
of the vaccinated AD mice (unpublished observation).

Our results suggest that T cells constitute the immune-based
therapy of choice for AD. This perception does not preclude the
potential benefit of antibodies as a supplementary therapy (38). The
T cells can function as a minifactory capable of producing a variety
of compounds, including cytokines and neurotrophic factors (26,
39). Above all, they represent a physiological system of maintenance
and repair that might help to counteract the age-related conditions
leading to brain senescence.

Materials and Methods
Detailed experimental procedures are provided in Supporting
Materials and Methods.

Tg Mice. Nineteen adult double-Tg APPK595N, M596L � PS1�E9 mice
of the B6C3-Tg (APPswe, PSEN1dE9) 85Dbo�J strain (18) were
purchased from The Jackson Laboratory and were bred and
maintained in the Animal Breeding Center of the Weizmann
Institute, and all experiments and procedures were approved by the
Weizmann Institute’s Animal Care and Use Committee.

Genotyping. All mice used in this experiment were genotyped for
the presence of the transgenes by PCR as described in ref. 40.

Reagents. Recombinant mouse IFN-� and IL-4 were obtained from
R & D Systems. A� peptide [fragment 1–40 (A�1–40)] was pur-
chased from Sigma-Aldrich. The A� peptide was dissolved in
endotoxin-free water, and A� aggregates were formed by incuba-
tion of A� as described (8).

GA Vaccination. Each mouse was s.c. injected five times with a total
of 100 �g of high-molecular-weight GA (TV-5010 DS, from batch
no. 486220205; Teva Pharmaceutical Industries, Petah Tiqva, Is-
rael) dissolved in 200 �l of PBS, from experimental day 0 until day
24, twice during the first week and once per week thereafter.

Behavioral Testing. Spatial learning�memory was assessed by per-
formance on a hippocampus-dependent visuo-spatial learning task
in the MWM and carried out as described in ref. 23.

Coculturing of Neural Progenitor Cells and Microglia. For detailed
neural progenitor cell culture and primary microglial culture pro-
tocols see Supporting Materials and Methods.

Immunocytochemistry and Immunohistochemistry. Primary antibod-
ies were as follows: Bandeiraea simplicifolia IB-4 (1:50; Sigma-
Aldrich), mouse anti-�-tubulin (anti-�III-T) isoform C terminus
antibodies (1:500; Chemicon, Temecula, CA), rat anti-CD11b
(MAC1; 1:50; BD Pharmingen, Franklin Lakes, NJ), hamster
anti-CD11c (1:100; eBioscience, San Diego), rat anti-MHC-II
antibodies (clone IBL-5�22; 1:50), mouse anti-A� (human amino
acid residues 1–17; clone 6E10; Chemicon), rat anti-BrdU (1:200;
Oxford Biotechnology, Kidlington, U.K.), goat anti-doublecortin
(anti-DCX) (1:400; Santa Cruz Biotechnology), mouse anti-
neuronal nuclear protein (NeuN; 1:200; Chemicon), goat anti-IGF1
antibodies (1:20; R & D Systems), goat anti-TNF-� antibodies
(1:100; R & D Systems), and rabbit anti-CD3 polyclonal antibodies
(1:100; DakoCytomation). Secondary antibodies were: FITC-
conjugated donkey anti-goat, Cy-3-conjugated donkey anti-mouse,
and Cy-3- or Cy-5-conjugated donkey anti-rat, biotin-conjugated
anti-hamster antibody, and Cy-3- or Cy-5-conjugated streptavidin
antibody (all from Jackson ImmunoResearch). For detailed immu-
nostaining protocols see Supporting Materials and Methods.
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